Early lipid intermediates in glycosyl-phosphatidylinositol anchor assembly are synthesized in the ER and located in the cytoplasmic leaflet of the ER membrane bilayer by unknown
Early Lipid Intermediates in Glycosyl-phosphatidylinositol 
Anchor Assembly Are Synthesized in the ER and Located 
in the Cytoplasmic Leaflet of the ER Membrane Bilayer 
Jolanta Vidugiriene and Anant K. Menon 
Laboratory of Molecular Parasitology, The Rockefeller  University, New York 10021-6399 
Abstract.  Glycosylated phosphoinositides serve as 
membrane anchors for numerous eukaryotic cell sur- 
face glycoproteins. Recent biochemical and genetic 
studies indicate that the glycolipids are assembled by 
sequential addition of components (monosacchafides 
and phosphoethanolamine) to phosphatidylinositol. 
The biosynthetic steps are presumed to occur in the 
ER, but formal proof of this is lacking. We describe ex- 
periments designed to establish the subeellular location 
of the initial steps in glycosyl-phosphatidylinositol 
(GPI) anchor biosynthesis and to define the trans- 
membrane distribution of early biosynthetic lipid inter- 
mediates. The experiments were performed with the 
thymoma cell line BW5147.3. A  subeellular fraction- 
ation protocol was used to show that early biosynthetic 
steps in GPI assembly, i.e., synthesis and deacetyl- 
ation of N-acetylglucosaminyl phosphatidylinositol, 
occur in the ER. GPI biosynthetic intermediates were 
synthesized by incubating the microsomes with UDP- 
pH]GlcNAc, and the transmembrane distribution of 
the labeled lipids was probed with phosphatidylinositol- 
specific phospholipase C  (PI-PLC). Treatment of the 
radiolabeled microsomes with PI-PLC showed that 
>70%  of the N-acetylglucosaminyl phosphatidylinosi- 
tol and glucosaminyl phosphatidylinositol could be hy- 
drolyzed, indicating that the two lipids were primarily 
distributed in the cytoplasmic (outer) leaflet of the mi- 
crosomes. Similar cleavage results were obtained using 
Streptolysin O-permeabilized thymoma cells. When 
permeabilized cells were incubated with UDP- 
[3H]GlcNAc and treated with PI-PLC, ,x,85  % of the ra- 
diolabeled N-acetylglucosaminyl phosphatidylinositol 
and glucosaminyl phosphatidylinositol could be cleaved, 
indicating that they were accessible to the enzyme. 
The cumulative data indicate that early GPI intermedi- 
ates are primarily located in the cytoplasmic leaflet of 
the ER, and are probably synthesized from PI located 
in the cytoplasmic leaflet and UDP-GlcNAc synthe- 
sized in the cytosol. 
LYCOLIPIDS containing the structural motif Mant~l- 
4GlcNotl-6myo Inositol-l-P-lipid  are ubiquitous  in 
the eukaryotes (Ferguson et al., 1992). These lipids, 
termed glycosyl-phosphatidylinositols  (GPIs) I,  were orig- 
inally discovered covalenfly linked to eukaryotic cell-surface 
glycoproteins  and  recognized to  be  an  important alter- 
hate mechanism for anchoring proteins to cell membranes 
(Low et al., 1986). All protein-linked  GPIs contain the ex- 
tended structure Ethanolamine-P-6Manotl-2Mant~l-6Manod- 
4GlcNod-6myo Inositol-l-P-lipid.  The EtN residue is amide 
linked to the carboxyl-terminal amino acid of  the protein, and 
the trimannose core glycan can be modified by a variety of 
1. Abbreviations used in this paper: 5BrdUMP, 5-bmmo-2'-deoxyuridine 
5'-monophosphate; GPI, glycosyl-phosphatidylinositol; PE, phosphatidyl- 
ethanolamine; PI, phosphatidylinositol; PI-PLC, phosphatidyfinositol-spe- 
cific phospholipase C; PNS, post nuclear supernatant; SLO, streptolysin O; 
TLC, thin layer chromotography; TLCK, N-p 4osyl-L-lysine chloromethyl 
ketone; UDP-GIcNAc, uridine 5'-diphospho N-acetylghcosamine. 
substiments. Several lines of  evidence indicate that GPI addi- 
tion to protein occurs in the ER in a reaction involving cleav- 
age of a carboxyl-terminal GPI signal sequence from newly 
synthesized proteins and attachment  of a presynthesized GPI 
moiety to the newly exposed carboxyl-terminal amino acid. 
Recent biochemical and genetic studies indicate that GPIs 
are assembled by sequential addition of components (mono- 
saccharides,  phosphoethanolamine)  to phosphatidylinositol 
(PI).  Synthesis  is  initiated  by transferring  GlcNAc  from 
UDP-GIcNAc to PI to form GIcNAc-PI, which is then de-N- 
acetylated to give GIcN-PI. GIcN-PI is elaborated by inosi- 
tol acylation, and addition of mannose residues and one or 
more phosphoethanolamine  moieties (reviewed  in  Cross, 
1990; Field and Menon, 1992; Englund, 1993). These reac- 
tions  have been demonstrated in microsomal membranes 
from trypanosomes and mammalian cells (Menon et al., 
1990; Hirose et al., 1992), but the microsomes  have not been 
further fractionated to determine the subcelhlar distribution 
of the GPI biosynthetic enzymes, nor has the topological ar- 
rangement of the different reaction steps been described. 
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ous biosynthetic ingredients involved provides few clues as 
to the transmembrane arrangement of the different steps in 
GPI assembly. For example, UDP-GIcNAc required for the 
initial  step in GPI assembly, is synthesized in the cytosol 
(Coates et al.,  1980) but can be transported into the ER lu- 
men via a protein carrier (Cecchelli et al.,  1985; Perez aad 
Hirschberg,  1985). Also, PI, dolichol-P-mannose (donor of 
the core GPI mannose residues), and phosphatidylethanol- 
amine (PE; donor of the capping phosphoethanolamine moi- 
ety) are all synthesized on the cytoplasmic face of the ER, 
but are available in the luminal leaflet through transbilayer 
movement or "flip-flop" (Bell et al.,  1981;  Higgins et al., 
1989; Haselbeck and Tanner,  1982; Lennarz,  1987; Hirsch- 
berg and Snider, 1987; Tanner and Lehle, 1987; Hutson and 
Higgins,  1982).  Since all the biosynthetic ingredients  (PI, 
UDP-GIcNAc,  dolichol-P-rnannose,  and  PE)  required  for 
GPI assembly are available on both sides of the ER mem- 
brane, the different steps of GPI assembly could, in princi- 
ple, occur in either one or both leaflets of the ER membrane 
bilayer. 
In this paper we focus on the initial steps in GPI assembly 
and describe experiments aimed at defining the subcellular 
location of GIcNAc-PI synthesis and de-N-acetylation, and 
the transmembrane distribution of GlcNAc-PI and GlcN-PI. 
We show that GIcNAc-PI and GIcN-PI are synthesized in the 
ER and located primarily in the cytoplasmic leaflet of the ER 
membrane bilayer. 
Materials and Methods 
Materials 
GDP-[SH]maunose  (20 Ci/mmol) was purchased from DuPont New En- 
gland Nuclear (W'flmington, DE),  UDP-[3H]GlcNAc  (25 Ci/mmol) from 
American Radiolabeled  Chem.  (St.  Louis,  MO) and streptolysin O was 
from VWR Scientific.  Proteinase K and Staphylococcus  aureus nuclease 
were  obtained from Boehringer Mannheim.  Dolichol-phosphate,  5Brd- 
UMP,  dimercaptopropanol,  Bandeiraea  simplicifolia  leodn BS-II,  and 
4-methylumbelliferyl-,~-I)-rnannopyranoside  were  from  Sigma Immuno- 
chemicals (St.  Louis,  MO).  Bacillus  thuringiensis  phosphatidylinositol- 
specific phospholipase C was a gift from Dr. Martin Low (Columbia Uni- 
versity, New York), and antl-BiP antibodies were generously provided by 
Dr. David Bole (University of Michigan, Ann Arbor, M1). HRP-conjugeted 
goat anti-rat IgG was obtained from Pierce (Rockford, IL) and silica 60 thin 
layer plates were from Merck (Darmstadt, Germany). 
Cell Culture 
The Thy-1  + mouse thymoma cell line BW5147.3 was maintained in suspen- 
sion culture in DME supplemented with 10% FBS,  100 U/mi penicillin, 
and 100 ~g/rnl streptomycin  in an atmosphere of 5% CO2 at 37°C. 
Preparation of SubceUular Fractions 
BW5147.3 thymoma cells (2-5  x  l0  s) were collected by centrifugation 
(1,000 g for 5 min), washed twice with PBS, and once with 5 ml of buffer 
A  (0.25  M  sucrose,  10 mM Hepes/NaOH, pH 7.5,  1 mM DTT,  1 mM 
PMSF). The cells were resuspended in 10 mi buffer A (supplemented with 
1 ~g/mi leupeptin, and 0.1 mM TLCK), transferred to a 15 ml nitrogen cavi- 
tation bomb (I~ntes Glass Company, V'meland, NJ) and held at 400 psi N2 
pressure for 30 rain. The cavitated cells were disrupted further with three 
strokes of a tight pestle dounce homogenizer,  and treated with S. aureus nu- 
clease (1.5 units/ml) for 20 min on ice. The resulting lysate was clarified 
by centrifugation  at 10,000 g for 15 rain at 4°C. The pellet contained ,~35 % 
of the lysate  protein, most (70-90%) of the lysosomal  and peroxisomal 
marker enzyme activities O3-hesosaminidase and,catalase,  respectively, as- 
sayed as described by Storrie and Madden, 1990, and some plasma mere- 
brane ('~35%), Golgi ('~5%), and ER ('~30%) (assayed as described be- 
low). The supernatant (PNS) was layered on top of a series of sucrose steps: 
3.6 m138% sucrose,  1.8 ml 30% sucrose, and 1.8 ml 20% sucrose (all pre- 
pared in 10 mM Hepes/NaOH, pH 7.5, 1 mM DTT), and fractionated by 
centrifugation in a rotor (7ffl'i; Beckman Instrmnents Inc., Fullerton, CA) 
at 43,000  rpm for 2 h. Fractions were collected from the top of the tube 
and the pellet was resuspended  in 3 ml of buffer A. The protein content of 
each fraction was measured with the Micro BCA Protein Assay Reagent 
(Pierce Chemical Co.). The fractions were frozen and stored at -70°C. 
Marker Enzyme Assays 
Subeellular fractions were analyzed for the following marker enzyme activi- 
ties:  alkaline phosphodiesterase I (plasma membrane), ~mannosidase II 
(Golgi),  and dulichul-P-mannose  synthase (ER).  The assays are described 
below. 
Alkaline phosphodiesterase I activity was assayed according to Storrie 
and Madden (1990), using 25/~1 of the cell lysate or PNS, or 100 t~l of each 
fraction from the sucrose density step centrifugation. 
Golgi a-mannosidase II activity was measured by a modification  of the 
procedure described by Storrie and Madden (1990).  The assays were per- 
formed in 96-well mierotiter plates. Briefly, a  10-td aliquot of each frac- 
tion was diluted with 50/d of PBS containing 2.5 ttg of 4-methylumbellif- 
eryl-a-tr-mannopyranoside (from a  10 mg/ml stock solution in DMSO), 
0.1% Triton X-100, and 0.25 nag BSA, and the sample was left at ambient 
temperature for 2 to 5 h. The reaction was stopped by adding 150/~1 of 
0.5 M glycine, 0.5 M Na2CO3. Product formation was monitored by mea- 
suring the fluorescence  (excitation  355 nm, emission 480 nm) of the sam- 
ples using a Titertek Fluoroscan H (ICN Radiochemicals,  Irvine, CA) plate 
reader. 
Dolichul-phospbomannose  synthase (ER) was assayed by a modification 
of the procedure described by Braell (1988). Briefly, aliquots of each frac- 
tion (25-50/zl, corresponding to ,~,100-200/zg  protein) were diluted with 
50 mM Hepes/NaOH, pH 7.5, 25 mM KCI, 5 mM MgCI2, 5 mM MnC12 
to a  final volume of 200 ~d. The reaction was  initiated by adding 2/d 
dulichol phosphate (2 mg/ml in chloroform/methanol, 1:2, vol/vol) and 2 p.l 
of GDP-[3H]mannose  (1 ~tCi/10/~1). After incubation for 30 min at 37°C, 
the reaction was stopped by adding I ml chloroform/methanol (1:2, vol/vol). 
The resulting two-phase mixture was centrifuged to separate the phases and 
the lipid-containing lower phase was washed with 500 ~tl of mock upper 
phase.  The lipid-containing lower phase was taken for liquid scintillation 
counting.  Thin layer chromatographic analysis  of the lipid phase showed 
only radiolabeled dolichol-P-mannose. 
In vitro Biosynthesis of GlcNAc-PI and GIcN-PI 
GlcNAc-PI  and GlcN-PI were synthesized in vitro by incubating ER frac- 
tions (typically  0.2 rng protein) with UDP-[3H]GIcNAc (1 ttCi) in buffer 
(50 mM Hepes/NaOH (pH 7.5), 5 mM EDTA,  1/tg/ml leupeptin, and 0.1 
mM TLCK), in a total volume of 100/~1. After incubation at 37°C (for up 
to 2 h), the reaction was stopped by placing on ice, and a single phase lipid 
extract was obtained by adding 300 ttl water and 1.5 ml ice-cold chloro- 
form/methanol (1:2, vol/vol).  A two phase mixture was induced by adding 
0.5 ml chloroform and 0.5 ml water. The lipid containing chloroform-rich 
lower phase was washed several times with 0.5 ml mock upper phase to re- 
move any contaminating UDP-[3I-I]GlcNAc or breakdown products.  10% 
of the lipid-containing  phase was taken for liquid scintillation  counting. The 
remainder of the sample was  dried,  dissolved in 20 ttl water-saturated 
butanol, and analyzed by thin layer chromatography (silica Gel 60 thin layer 
plates, using chloroform/methanol: 1 M  ammonium hydroxide  10:10:3, 
vol/vol/vol as the solvent system).  After chromatography,  the plates were 
air dried and scanned for radioactivity with a Berthold LB 2842 automatic 
scanner (Berthold Analytical Instruments, Inc., Nashua, NH). Incorpora- 
tion of radioactivity into the individual lipid species was determined using 
the integration so  .ftvntre  supplied with the scanner in conjunction  with liquid 
scintillation counting. 
PI-PLC Treatment 
Purified phosphatidylinositol-specific  phospholipase C (PI-PLC) was ob- 
tained from Dr.  Martin Low (Columbia University College of Physicians 
and Surgeons, New York). The enzyme was isolated from culture superna- 
tants of Bacillus subtilis (BG2320) transfected with the PI-PLC gene from 
R  thuringiensis,  and was assayed using pH]pbosphatidylinositol as sub- 
strate at pH 7.0 in 0.1% sodium deoxycbolate  (Henner et al.,  1988; Low 
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had a specific  activity of,~l,000 U/rng (2 U = 1 #mol/min). ER membranes 
(radiolabeled via UDP-[3H]GlcNAc)  were treated with different  concentra- 
tions of PI-PLC in the presence or absence of 0.1% sodium deoxycholate 
(final concentration). After an incubation on ice (up to 60 rain, typically 
20 rain), lipids were extracted as described above and analyzed by thin layer 
chromatography. 
Integrity of ER Vesicles 
The integrity of isolated ER membrane vesicles was determined by per- 
forming protease protection experiments. The membranes were tested for 
their ability to protect BiP, an ER luminal protein, from proteinase K treat- 
ment; control proteolysis was performed in the presence of a membrane- 
disrupting concentration of detergent. Membranes (10/d, ,~20/~g protein) 
were treated with different amounts of proteinase K for 30 rain on ice. To 
determine the effect of 37°C incubation and PI-PLC treatment on mem- 
brane integrity, membranes were incubated at 37°C for 1 h, and then treated 
with PI-PLC (2.5 U/ml) for 20 rain on ice before proteinase K treatment. 
Proteolysis was stopped by adding PMSF (from a 0.2 M stock solution in 
ethanol) to a final concentration 3 raM. Proteins were precipitated with 7 % 
TCA, and the precipitate was washed with ice-cold acetone and analyzed 
by SDS-PAGE  using 20% gels. After electrophoretic separation, proteins 
were transferred from the gel to a nitrocellulose membrane (Biotrace  TM 
NT; Gilman Science, Ann Arbor, MI) using standard procedures. The 
nitrocellulose sheets were blocked with a 3 % solution of BSA (in PBS) for 
30 rain, washed several  times with PBS, and then incubated  with a 1:20 dilu- 
tion of a monoclonal rat anti-BiP antibody in PBS for 30 min. The blots 
were washed three times with PBS, then incubated with HRP-conjngated 
goat anti-rat IgG and developed  using 4-chloronaphtbol  as described by the 
manufacturer (Pierce). 
Plasma Membrane PermeabiUzation 
with Streptolysin 0 
Thymoma cells (0.5-1 x  10  7) were harvested and washed once with ice- 
cold PBS. Permeabilization  was achieved  using a two-step  procedure. In the 
first step, the cells were incubated for 20 min on ice with a pre-chilled solu- 
tion of activated streptolysin O (SLO) (SLO was activated by incubation 
with 2 mM DTT for 20 min at ambient temperature at a concentration of 
50-150 U per 107 cells) (SLO units are based on lysis of human erythro- 
cytes, and it is assumed that each vial of SLO) (catalog no. DF0482-60; 
VWR Scientific)  contains 100-120 haemolytic  units (Gravotta  et al., 1990). 
During  this  procedure  some  proportion  of the  SLO  is  expected to 
bind/insert into the plasma membrane. Excess SLO was removed by cen- 
trifuging the cells at 4°C and washing  the cell pellet once with ice-cold PBS. 
The washed cells were resuspended at a concentration of 107 cells/ml in 
ice-cold PBS containing 8 mM EDTA, 4 mM DTI', 1 mM PMSF, 0.1 mM 
TLCK, and 1 ~tg/ml  leupeptin. GIcNAc-PI  and GIcN-PI synthesis was initi- 
ated by adding 1/zCi of UDP-[3H]GIcNAc  to 0.1 ml of SLO-treated cells 
and shifting the temperature to 37°C to induce SLO pore formation (cell 
viability was occasionally compromised during this treatment, so that up 
to 25 % of maximal lipid labeling could be observed in the absence of SIX) 
in some experiments; viability was consistently  higher if the cellswere sus- 
pended at <207 cell$/mi).  After incubation for 90 rain,  the cells were 
placed on ice, and lipids were extracted as described above. In some experi- 
ments, the permeabilized, labeled cells were treated with R thuringiensis 
PI-PLC on ice before lipid extraction. 
Results 
In vitro Synthesis of GicNAc-PI and GIcN-PI 
Thymoma cell lysates were prepared as described by Stevens 
and Raetz (1991), or by nitrogen cavitation. The lysates were 
incubated with UDP-pH]GlcNAc in the presence of EDTA 
(to  suppress  synthesis of dolichol-PP-GlcNAc~_2) at  37°C 
and lipids were extracted and analyzed by thin layer chroma- 
tography (TLC)  (Fig.  1 B).  Two major radiolabeled lipid 
species could be resolved by TLC, both chromatographing 
slightly behind phosphatidylinositol. The  lipids were  iso- 
lated from the thin layer plate and analyzed by enzymatic and 
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Figure 1. Biosynthesis of GIeNAc-PI and GIcN-PI. (A) The figure 
shows the first steps GPI biosynthesis. GPI assembly is initiated by 
transferring  GlcNAc  from  UDP-GlcNAc to  PI.  GIcNAc-PI is 
de-N-acetylated to  form  GlcN-PI.  (B)  A  thymoma  cell lysate 
(0.5  ×  107 cell equivalents) was incubated with UDP-[3H]GIcNAc 
(1  #Ci) in buffer (50 mM Hepes/NaOH, pH 7.5,  5 mM EDTA, 
1/tg/ml leupeptin, and 0.1 mM TLCK) in a total volume 100 #1 
for 2 h at 37°C. Lipids were extracted and analyzed by thin layer 
chromatography as described in Material and Methods. The chro- 
matogram was scanned for radioactivity  using a Berthold TLC scan- 
ner. The migration of  rat liver  phosphatidylinositol  (P/) is indicated. 
chemical treatments. Both lipids  could be hydrolyzed (:>95 %; 
hydrolysis of untreated samples was <0.5 %) by PI-PLC, and 
the more polar lipid could be efficiently (>70%)  converted 
to the faster moving species by N-acetylation. These diag- 
nostic parameters, taken together with TLC mobilities (Fig. 
1 B) and the extensive characterization of these lipid species 
reported in the recent literature (Doering et al., 1989; Menon 
et al.,  1990;  Stevens and Raetz,  1991;  Hirose et al.,  1991; 
Sugiyama et al., 1991), indicate that the faster-moving lipid 
is  GlcNAc-PI and  the  slower-moving species  is  GIcN-PI 
(Fig.  1 a). 
The reaction conditions were assessed by varying micro- 
somal protein concentration and incubation time, and subse- 
quent experiments were performed in a linear range (0-0.8 
rag protein, 0-2 h  incubation period) with respect to these 
two parameters. The extent of reaction was not limited by the 
radiolabeled substrate (UDP-[3H]GIcNAc), and attempts to 
prevent possible degradation of  the substrate by including the 
nucleotide  pyrophosphatase  inhibitor dimercaptopropanol 
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GPI biosynthesis in subcellular fractions.  Thymoma cells  (2  x 
10  s) were broken by nitrogen cavitation and the resulting lysate 
was clarified by centrifugation (I0,000 g for 15 rain). The supema- 
tant (PNS) was layered over a series of sucrose density steps and 
centri~ged (100,000  g; 2 h). Fractions were collected from the top 
of  the tube and the pellet was resuspended in 3 ml of  0.25 M sucrose 
in 10 mid Tris/HCl, pH 7.5, containing 1 raM DTT, 1 mM PMSF, 
0.I mM TLCK, and I #g/ml leupeptin. The four fractions and pel- 
let were characterized by assaying for organelle specific marker en- 
zymes as described in Material and Methods. The enzyme activity 
in each fraction was calculated as a percentage of  total  activity in 
the PNS. To assay GIcNAc-PI and GIcN-PI biosynthetic activity 
50-100 #1 (0.2-0.4 mg protein) of each fraction was used. (,4) Su- 
(Faltynek et al.,  1981) in the reaction mixture did not in- 
crease the product yield. 
GlcNAc-PI and GIcN-PI Are Synthesized in the ER 
To  define the  subcellular  localization  of GlcNAc-PI  and 
GlcN-PI biosynthesis, thymoma cells were disrupted by ni- 
trogen cavitation, nuclei and microbodies were removed by 
centrifugation, and the post-nuclear supernatant (PNS) was 
fractionated by centrifugation through a  series of sucrose 
density steps (Fig. 2 A). Isolated fractions were tested for the 
presence of various marker enzyme activities. The distribu- 
tion of  the three marker enzymes showed essentially no over- 
lap (Fig. 2 B, b-d): plasma membrane alkaline phosphodies- 
terase activity was recovered mainly in fraction 2  (70% of 
activity in the PNS, Fig. 2 B, b), Golgi tx-marmosidase II ac- 
tivity was found primarily in fraction 3 (67 % of the total ac- 
tivity in the PNS, Fig. 2 B, c) and the ER marker enzyme, 
dolichol-P-mannose synthase, was distributed roughly equally 
between fraction 4 and the pellet (totally 89 % of the activity 
in the PNS, Fig. 2 B, d). The pellet presumably corresponds 
to rough ER, while fraction 4 presumably contains ER-de- 
rived microsomes without bound ribosomes. The distribu- 
tion of other organelle-specific enzymes followed the pattern 
shown in Fig. 2 B. For example, the Golgi marker enzyme 
galactosyltransferase was recovered primarily in fraction 3, 
and  ethanolaminephosphotransferase,  an  ER  enzyme  re- 
sponsible  for PE biosynthesis  via  the  CDP-ethanolamine 
pathway,  was  found in fraction 4  and the pellet (data not 
shown).  Thus  the sucrose density centrifugation protocol 
permits clear resolution of major organelles in the PNS. 
Individual  fractions  were  incubated  with  UDP-[3H] - 
GlcNAc to assay GIcNAc-PI and GlcN-PI biosynthesis. Sig- 
nificant lipid synthesis was observed only in the two ER frac- 
tions (Fig. 2 B, d and e), which together contained ,,o90% 
of the GIcNAc-PI/GIcN-PI biosynthetic activity of the PNS. 
Approximately 10%  of the total GlcNAc/GlcN-PI biosyn- 
thesis activity was recovered in the Golgi fraction (fraction 
3).  Since  this  fraction  also  contained  •10%  of the  ER 
marker enzyme activity (Fig. 2 B, c and d), the detection of 
GIcNAc-PI/GlcN-PI biosynthesis in  fraction 3 can be di- 
rectly attributed to ER contamination of the Golgi fraction. 
The cumulative data are consistent with the proposal that 
GPI synthesis is initiated in the ER. 
GicNAc/GIcN-PI Biosynthesis Is Unaltered 
in Microsomes Depleted of  Luminal Contents 
and Peripheral Proteins 
A widely applied method to study the topology of membrane 
proteins is to assay their sensitivity to treatment with various 
membrane-impermeant protein-modification reagents.  For 
membrane-bound enzymes loss of activity on protease treat- 
ment of sealed membrane vesicles is usually taken to mean 
that the catalytic domain of the enzyme is exposed on the 
crose density steps and definition  of  the fractions collected. (B) Pro- 
tein and enzyme activity distribution amongst the various fractions: 
(a)  protein,  (/7) alkaline phosphodiesterase  (plasma  membrane 
marker), (c) c~-mannosidase  II (Golgi marker), (d) dolichol-P-man- 
nose synthase (ER marker), and (e) distribution of GIcNAc-PI syn- 
thase and deacetylase. 
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teinase K (50/~g/ml, 20 min on ice), GlcNAc/GlcN-PI syn- 
thesis was reduced to •30%  of the amount synthesized by 
untreated microsomes.  However,  since it has been previ- 
ously demonstrated that UDP-GlcNAc can be transported 
across the ER membrane via a protein carrier known to be 
sensitive to protein modification reagents applied to intact 
microsomes (Perez and Hirschberg,  1985;  Cecchelli et al., 
1985;  Abeijon and Hirschberg,  1992),  these results do not 
provide any topological information since the reduction in 
GIcNAc/GlcN-PI biosynthetic activity could be indirectly 
due to an effect on the UDP-GIcNAc transporter. 
In  other  experiments,  isolated  ER  microsomes  were 
stripped of  peripheral membrane proteins and depleted of lu- 
minal proteins by salt washing (with 0.5 M KOAc) and per- 
meabilization (with 0.1% deoxycholate in the presence of 
100 mM KOAc).  The depleted vesicles were recovered by 
centrifugation and found to possess 80-90 % of the GIcNAc/ 
GIcN-PI biosynthetic activity of the untreated microsome 
preparation. These data indicate that extrinsic and luminal 
ER proteins are probably not essential for GIcNAc/GIcN-PI 
biosynthesis. 
GIcNAc-PI and GIcN-PI Are Distributed 
Primarily in the Cytoplasmic Leaflet of the 
ER Membrane Bilayer 
In the absence of information concerning the arrangement of 
the GIcNAc/GIcN-PI biosynthetic enzymes in the ER mem- 
brane, we pursued an alternate strategy to obtain topological 
information and examined the transbilayer distribution of  the 
two lipids themselves. Since both GlcNAc-PI and GIcN-PI 
are susceptible to cleavage by PI-PLC, we used PI-PLC as a 
membrane-impermeant probe to assay the distribution of the 
two lipids. After incubating the membranes with UDP-[3H]  - 
GlcNAc to generate radiolabeled GIcNAc-PI and GlcN-PI, 
the sample was placed on ice (to stop further lipid synthesis) 
and treated with PI-PLC. Both lipids could be hydrolyzed 
suggesting that the majority  of  the in vitro synthesized  GlcNAc- 
PI and GlcN-PI was situated in the cytoplasmic (outer) leaflet 
of the ER and therefore accessible to PI-PLC. 
PI-PLC treatment was investigated by varying the concen- 
tration of  enzyme  and the length of  incubation. The results are 
shown in Fig. 3. Maximal cleavage was achieved within 10 
min, and although the extent of cleavage increased with in- 
creasing PI-PLC concentration, the bulk of the effect could 
be reproduced with relatively small concentrations (0.5 U/ 
ml) of  the enzyme. The clear time dependence of  the cleavage 
reaction, as well as the observation that addition of PI-PLC 
after addition of  solvent did not result in lipid hydrolysis (data 
not shown), ruled out the possibility that cleavage occurred 
during the lipid extraction process. Cleavage in the presence 
of membrane-disrupting concentrations of detergent was in- 
variably ,,o20% higher, suggesting that a small fraction of 
the lipid  substrates was  inaccessible to  PI-PLC  in intact 
microsomes. 
The incomplete cleavage of GlcNAc-PI and GIcN-PI by 
PI-PLC treatment of intact microsomes may be explained in 
two ways. Since inefficient cleavage of membrane-anchored 
substrates by PI-PLC has been recognized in the past (see 
for example, Low and Kineade, 1985), it is possible that the 
uncleaved fractions represent cytoplasmically  oriented pools 
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Figure 3. PI-PLC treatment of  intact ER microsomes: susceptibility 
of GIcNAc-PI and GlcN-PI. GlcNAc-PI and GIcN-PI were synthe- 
sized by incubating  50 #1 (0.2 mg protein) of  ER microsomes (pellet 
fraction, Fig. 2) with 1 #Ci UDP-[3H]GlcNAc for 2 h at 37°C. 
The reaction was stopped by cooling on ice. The samples were 
treated on ice in the presence (o, t3, A) or absence (o, ,., A) of 
detergent (0.1% deoxycholate). (A) Samples incubated with differ- 
ent concentrations of PI-PLC for 20 min (triangles and squares rep- 
resent two different  experiments) (B) Samples  treated with 1.5 U/ml 
PI-PLC for different periods of time. Lipids were extracted as de- 
scribed in Material and Methods and 10% of the lipid extract was 
taken for liquid scintillation  counting. The remainder of the sample 
was dried, dissolved in 20/~l water-saturated  butanol and analyzed 
by TLC (as in Fig. 1). 
of  GIcNAc-PI and GlcN-PI that are somehow protected from 
PI-PLC  cleavage  through  non-covalent  interactions  with 
other lipids or proteins.  Another possibility is that some 
GIcNAc-PI and GlcN-PI are located in the luminal leaflet of 
the  ER.  This  luminal pool  of lipids  may be  derived via 
limited transbilayer transport (flipping) of lipids synthesized 
in the cytoplasmic leaflet. Alternatively, the luminal fraction 
may arise from lipid synthesis in the luminal leaflet, followed 
by incomplete transfer into the cytoplasmic leaflet. 
We tested the possibility that GlcNAc-PI and GlcN-PI are 
synthesized in the cytoplasmic leaflet of the ER, and a frac- 
tion  of each  species  is  flipped  into  the  luminal  leaflet. 
Pulse-chase experiments (Table I) showed no change in the 
levels of GlcNAc-PI and GIcN-PI, and only a slight increase 
in the extent of PI-PLC cleavage after chase periods of  60-90 
min. The results indicate that there is essentially no turnover 
of the lipids during the course of the experiments, and that 
transbilayer redistribution corresponds to transfer of  <5 % of 
the labeled pool  from the  inner to  the outer leaflet in a 
60-90-min period. However, as discussed above it is likely 
Vidugiriene  and Menon  Topology  of GPI Anchor Assembly in the ER  991 Table L Metabolic Turnover and Transbilayer Movement of  100 
GlcNAc-PI and GlcN-PI 
Labeling  Chase  GIcNAc-PI  Percent 
time  time  PI-PLC  DOC  +  GIcN-PI#  cleavage* 
(min)  (min)  (cpm) 
30  0  --  --  12,890 
+  --  4,050  68.6 
30  90  --  --  12,800 
+  --  3,350  73.8 
60  0  -  -  25,090 
+  -  8,140  67.8 
60  60  -  -  22,080 
+  -  5,720  74.1 
+  +  3,220  85.4 
ER microsomes (0.2  mg protein) were labeled with 1 /~Ci of UDP-[3H]GIc  - 
NAc and chased by adding 2.5 mM non-radioactive UDP-GIcNAc at the time 
indicated in the table. At the end of the chase period, samples were treated with 
1.5 U/ml of PI-PLC for 20 rain on ice. For the data shown in the last line, 
membranes were disrupted with detergent (0.1% deoxycholate), after the chase 
period, before PI-PLC treatment. 
* Both lipids were hydrolyzed to the same extent at each time point, hence, the 
data are presented simply in terms of total recovery of labeled lipid and total 
percent cleavage. 
that  the slight  increase  in cleavage  efficiency  after  the chase 
period reflects  the  release  of  a small  additional  fraction  of  the 
lipids  from environments in which the phospholipase cleav- 
age site  is  obscured. Additional  kinetic  experiments in  which 
we analyzed the transbilayer  distribution  of GIcNAc-PI and 
GIcN-PI  in short labeling periods showed that the same 
proportion  of  the  two  lipids  could be  cleaved  by PI-PLC after 
<5 rain of labeling, as after  30 rain of labeling (Fig. 4). 
These results  make it  unlikely  that  the incomplete cleavage 
of GIcNAc-PI and GIcN-PI in intact  microsomes is due to 
luminal pools of the two lipids. 
The analysis  of  the  transbilayer  distribution  of  GIcNAc-PI 
and GIcN-PI described above is  critically  dependent on the 
intactness  of  the ER microsomal vesicles  used in  the  experi- 
ments. We established  that  the  microsomal vesicles  were in- 
tact  by  examining their  ability  to  protect  an  abundant luminal 
protein,  BiP,  from digestion  by an  exogenous protease.  In  the 
presence of a membrane-disrupting  concentration of deter- 
gent, BiP was sensitive  to proteinase K  treatment (Fig.  5, 
compare lane  I with lanes  4-6).  In  the  absence of  detergent, 
no degradation of  BiP was detected  even at  the highest  con- 
centration  of  protease  used (Fig.  5, compare lanes  I and 2). 
Also, incubation of the microsomes for I h at 37°C (as in 
radiolabeling incubations  with  UDP-[3H]GIcNAc),  fol- 
lowed by PI-PLC treatment on ice,  bad no effect  on mem- 
brane integrity (Fig. 5, compare lanes 1 and 3). These data 
indicate that the ER-derived microsomal preparation con- 
sists of  vesicles that are impermeable to large molecules such 
as Proteinase K, and that the radiolabeling incubation and 
PI-PLC  treatment have  no  detectable  effect on  their  in- 
tactness. 
GIcNAc-PI and GIcN-PI Can Be Synthesized 
by Incubating Streptolysin  O-Permeabilized Cells 
with UDP-[~H]GlcNAc 
SLO,  a  streptococcal  pore-forming  exotoxin,  has  found 
numerous applications in experiments requiring permeabili- 
zation of  the plasma membrane without damaging intracellu- 
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Figure 4. Transmembrane distribution of newly synthesized Glc- 
NAc-PI and GIcN-PI. ER microsomes (0.4 mg protein) were incu- 
bated with UDP-[3H]GIcNAc (1  /zCi) as described in Materials 
and Methods. Samples were taken at the indicated times and ana- 
lyzed (each sample was divided into two aliquots, one aliquot was 
treated with PI-PLC, then lipids were extracted and quantitated by 
scintillation counting). B indicates the extent of incorporation of 
radioactivity into GlcNAc-PI and GIcN-PI. A indicates the percent- 
age of the two lipids cleaved by PI-PLC in intact microsomes. 
lax membranes (Ahnert-Hilger et al.,  1989).  The toxin is 
generally added to cells at 4°C to allow binding to the cell 
surface, and excess toxin is removed by washing the cells at 
4°C. Pore formation is induced by shifting the cells to 37°C. 
The SLO-derived pores can be as large as 30 nm in diameter 
(Bhakdi et al.,  1985), and are large enough to permit cyto- 
solic proteins of >140 kD to escape into the extracellular 
medium (Gravotta et al.,  1990; Tan et al.,  1992). 
When SLO-permeabilized thymoma cells were incubated 
with UDP-[3H]GlcNAc, both GlcNAc-PI and GlcN-PI were 
labeled. The amount of radiolabeled lipid synthesized de- 
pended on SLO concentration, and maximum synthesis was 
achieved at a concentration of 60 U SLO per 107 cells. Be- 
side the two major radiolabeled lipids, a third relatively mi- 
nor radiolabeled species (lipid X) was also detected (Fig. 6 
A). X chromatographed just ahead of GIcNAc-PI, and avail- 
able data (see below) suggest that X is GlcN-acyl PI, i.e., 
GlcN-PI with a fatty acid ester linked to the inositol residue 
(Menon et al.,  1990;  Urakaze et al.,  1992;  Costello and 
Orlean, 1992). Although X was consistently detected in per- 
meabilized cells  after  UDP-pH]GIcNAc labeling,  X  was 
only occasionally identified when microsomes or post nu- 
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disrupted  microsomes.  ER-derived microsomes  were  tested  for 
their ability to protect BiP, a luminal protein, from digestion by ex- 
ogenous protease. Microsomes were also tested after incubation at 
37°C for 1 h followed by PI-PLC treatment (1.5 U/ml PI-PLC, 15 
rain on ice), or after disruption with 1% Triton X-100. Proteinase 
K treatment was performed as described in Materials and Methods. 
BiP (78 kD) was detected by Western blotting. 
clear supernatants  were incubated with  UDP-[3H]GIcNAc 
(see Fig. 1 B). This may be because the microsomal prepara- 
tions,  unlike  the  permeabilized  cells,  are  significantly 
depleted  of palmitoyl-CoA  which  is  required  to  convert 
GlcN-PI to X (Costello and Orleans,  1992; Stevens, V. L., 
unpublished data). 
GIcNAc-PI and GIcN-PI Are Accessible to PI-PLC 
in Streptolysin O-permeabilized Cells 
The PI-PLC polypeptide is small enough (,~40 kD) to enter 
cells via SLO pores.  We therefore investigated the trans- 
bilayer distribution of GlcNAc-PI and GlcN-PI by treating 
SLO permeabilized,  UDP-[3H]GlcNAc-labeled cells  with 
PI-PLC. Table II shows that up to 80 % of GIcNAc-PI and 
85 % of  GlcN-PI are cleaved in such an experiment. (In Table 
H,  the amount of lipid  synthesized after permeabilization 
with 70 U SLO/107 cells is approximately five times more 
than  that  synthesized  after  permeabilization  with  20  U 
SLO/107 cells [114,120 cpm vs. 23,290 cpm]. Furthermore, 
when  the  amount  of lipid  synthesis  is  high  the  relative 
amount of GIcNAc-PI is also high [75% vs.  55%], and the 
amount of enzyme relative to the lipids is correspondingly 
low. Under these circumstances, hydrolysis of GlcNAc-PI is 
less than that of GIcN-PI, possibly because GIcNAc-PI is a 
poorer substrate or, more attractively, because GlcNAc-PI is 
protected by the de-N-acetylase enzyme [even in the pres- 
ence of 0.1% deoxycholate] and therefore cannot be accessed 
by PI-PLC). Addition of detergent (0.1%  DOC) to disrupt 
the  membrane  permeability  barrier  raised  the  cleavage 
efficiency only slightly. These results indicate that the two 
lipids are located predominantly in the cytoplasmic leaflet of 
an intracellular organelle, and support the conclusions ob- 
tained  via  PI-PLC  analysis  of  radiolabeled  ER-derived 
microsomes (Fig. 3 and 4). TLC data for one experiment are 
shown  in  Fig.  6.  Lipid  X  is  clearly visible  in  the  TLC 
profiles, and is resistant to PI-PLC, regardless of the pres- 
ence of detergent. Since inositol acylated GPIs are resistant 
to PI-PLC (Roberts et al., 1988), this observation is consis- 
tent with the identification of lipid X as GlcN-acyl PI. 
Discussion 
GPI anchoring is directed by a carboxy-terminal GPI signal 
sequence that is cleaved from newly synthesized proteins and 
replaced with a pre-synthesized GPI moiety soon (1-5 rain) 
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Figure 6. TLC analysis of the transmembrane distribution of Glc- 
NAc-PI and GIcN-PI in SLO-penneabilized ceils. Thymoma cells 
were permeabilized  with  SLO, and labeled  with  UDP-[3H]Glc  - 
NAc. Samples were taken directly for lipid extraction (A), or lipids 
were extracted after the cells had been treated with PI-PLC 0.5 U~ 
ml) in the presence (C) or absence (B) of detergent. The extracted 
lipids were analyzed by TLC as described in Materials and Meth- 
ods, and quantitated by integration using the software  provided with 
the scanner in conjunction with liquid scintillation counting. The 
profiles correspond to the data presented in Table II for permeabili- 
zation at 70 U SLO/107 cells. 
+  +.~ 
after completion of protein synthesis (reviewed in Ferguson 
and W'dliams,  1988). These kinetic data, together with anal- 
yses of GPI anchoring in a S.  cerevisiae  secretory mutant 
(seclS) blocked in ER to Golgi transport (Conzelmann et al., 
1988) suggested that GPI addition to protein occurred in a 
pre-Golgi compartment, probably the ER. The identification 
of the ER as the site of GPI addition to protein was further 
supported by experiments demonstrating carboxy-terminal 
signal cleavage in in vitro translation-translocation assays 
using total microsomes from a variety of mammalian cells 
(Kodulmla et al., 1992), and rough microsomes from canine 
pancreas  (Vidugiriene, J.,  A.  K.  Menon,  and C.  V.  Nic- 
chitta, unpublished data). These data also suggested that the 
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PI-PLC in SLO-permeabilized  Cells 
70 U SLO/107 cells  20 U SLO/10  ) cells 
GIcNAc-PI  GIcN-PI  X  GIcNAc-PI  GIcN-PI  X 
(cpm  x  10-2/107cells) 
Control  840  273  28.2  129.5  91.7 
PI-PLC  300  42.9  24.1  25.7  13.7 
(Percent 
cleavage)  (64.3)  (84.3) (14.6)  (80)  (85.1) 
PI-PLC  207  15.3  23.5  14  3.8 
(0.1% DOC)  (75.4)  (94.4) (16.7)  (89)  (95.9) 
11.7 
12.5 
(0) 
11.7 
(o) 
3  ×  106 SLO-ioaded thymoma cells (treated with SLO on ice, washed, resus- 
pended  at a concentration  of 107 cells/ml  in PBS) were diluted with 300 tzl 
two times concentrated buffer (see Materials and Methods) and incubated with 
1.5/~Ci UDP-[JH] GIcNAc for 90 rain at 37"C.  The reaction was stopped by 
cooling  on ice,  and 200-t~l aliquots were IeR untreated  (control  sample) or 
treated with 1.5 U/ml PI-PLC for 20 rain on ice in the presence or absence of 
0.1%  deoxycholate. Lipids were extracted and analyzed as described in Mate- 
rials and Methods. 
GPI moiety itself was synthesized in the ER, but it remained 
a  formal possibility that GPIs were synthesized elsewhere 
and transported to the ER. 
The subcellular fractionation data described in this paper 
clearly indicate that the initial steps in GPI biosynthesis, i.e., 
the synthesis and deacetylation of GIcNAc-PI, occur in the 
ER. The GPI biosynthesis assay used in these experiments 
consisted  of incubating  subcellular  fractions  with  UDP- 
[3H]GIcNAc,  and  extracting  and  analyzing  the  labeled 
lipids. No PI was added to the incubation mixtures since in 
our experience it is impossible to glycosylate exogenously 
added PI or even PI synthesized in vitro by incubating the 
microsomes  with  [3H]inositol.  These  observations  have 
been noted previously (Menon et al.,  1990) and remain to 
be explained, although in other experiments using total cell 
lysates  it  was  reportedly  possible  to  stimulate GIcNAc- 
PI/GlcN-PI synthesis approximately fivefold by adding PI to 
the incubation mixture (Stevens and Raetz, 1991). For the 
data presented here it is important to note that the PI content 
of the major subceUular  fractions in the PNS varies by no 
more than a factor of 2, and in every case the PI is roughly 
equally distributed between the luminal and cytoplasmic 
leaflets of the microsomal vesicles (Higgins et al.,  1989; 
White, 1973).  Thus absence of an appropriately located en- 
dogenous PI acceptor from non-ER fractions is unlikely to 
be  responsible  for  the  observed  concentration  of  the 
GlcNAc-PI/GIcN-PI biosynthetic activity in the ER frac- 
tions. 
Analyses of  the transbilayer distribution of  GIcNAc-PI and 
GIcN-PI showed that the two lipids were distributed primar- 
ily in the cytoplasmic leaflet of the ER membrane bilayer 
since up to 85 % of GIcNAc-PI and GlcN-PI could be hy- 
drolyzed by  PI-PLC  treatment  of microsomes  or  SLO- 
permeabilized cells. The extent of hydrolysis remained con- 
stant even as lipid synthesis continued, and kinetic analyses 
gave no indication of any transbilayer movement. Thus the 
bulk of the GIcNAc-PI synthase and de-N-acetylase activity 
appears to be located on the cytoplasmic leaflet of the ER, 
giving rise to lipid products oriented towards the cytoplasm 
and hence susceptible to PI-PLC. The small fraction of lipid 
("~15 %) that is apparently inaccessible to PI-PLC may be the 
result of additional (albeit minor) synthesis in the luminal 
leaflet by a  second set of GPI biosynthetic enzymes. It is 
more likely that the uncleaved fraction is the result of incom- 
plete or inefficient  cleavage, possibly due to protection of the 
lipid cleavage site by other molecules. In this context it is 
worth noting that PI-PLC treatment of intact cells frequently 
results in incomplete release of cell-surface GPI-anchored 
proteins, even when the solubilized protein is known to be 
completely susceptible to the enzyme. Again, this phenome- 
non is best explained by steric constraints that prevent en- 
zyme access. 
Our conclusions concerning the transverse distribution of 
early GPI intermediates are based on accessibility of the 
lipids to PI-PLC in an intact organdie. The use of  phospholi- 
pases as topological probes has been questioned in the past, 
particularly in situations where the substrates for the enzyme 
constitute major components of the target membrane and the 
consequent possibility of membrane disruption is high (van 
Meer, 1986; Higgins and Hutson, 1986). However, for a va- 
riety of reasons we think it unlikely that PI-PLC perturbs the 
lipid  bilayer to  gain access  to  substrates  in  the  luminal 
leaflet, thus providing a false estimate of the transverse dis- 
tribution of GlcNAc-PI and GlcN-PI. Firstly, our assays are 
conducted for only a short time (<20 rain) with the mem- 
branes on ice, minimizing changes of microsomal deteriora- 
tion. Secondly, PI is a relatively minor component (',,10%; 
White,  1973;  Higgins et al.,  1989) of the spectrum of ER 
phospholipids, and PI-PLC is specific for the inositol head- 
group (Low, 1992), so no bulk lipid degradation is expected. 
Thirdly, measurements of microsomal intactness after PI- 
PLC treatment showed that the microsomes were still able 
to protect a luminal protein (BiP) from proteolytic cleavage. 
Fourthly, exhaustive treatment of canine pancreas  rough 
microsomes with PI-PLC did not affect targeting and trans- 
location of preprolactin, nor did it affect the degree to which 
the translocated protein was protected from exogenous pro- 
tease (C.V. Nicchitta, personal communication). Finally, in 
related studies where PI-PLC was used to probe PI asym- 
metry in rat liver ER, treatment of microsomes with PI-PLC 
for 60 rain at 37°C did not cause any reduction in the latency 
of mannose-6-phosphatase  (Higgins et  al.,  1989).  These 
data support the use of PI-PLC as a membrane-impermeant 
probe of the transverse distribution of PI-containing lipids, 
and indicate that the considerable cleavage of GlcNAc-PI 
and GlcN-PI in microsomes and permeabilized cells is due 
to the presence of  these lipids in the accessible (cytoplasmic) 
leaflet of the ER membrane bilayer. 
As part of a search for topological probes other than PI- 
PLC, we examined the possibility that the amino group of 
glucosamine (albeit a secondary amine) could be derivatized 
under  physiological conditions  so  as  to  be  able  to  use 
membrane-impermeant amine-reactive probes to determine 
the distribution of GlcN-PI. However, no reaction was seen 
when detergent-solubilized GlcN-PI was reacted at pH  8 
with  sulfosuccinimidobiotin,  even  though  ethanolamine- 
containing GPIs and PE were clearly biotinylated (data not 
shown). After the experiments of Snider and Robbins (1982) 
and Snider and Rogers 0984) in which the jackbean lectin 
Con A  was used as a probe of the transverse distribution 
of dolichol-PP-GlcNAc,Man~-9  in  microsomes,  we  tested 
whether incubation of intact or detergent-disrupted micro- 
somes with an o~-GlcNAc-binding  lectin (Iyer et al., 1976) 
would deplete GIcNAc-PI from organic lipid extracts. The 
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recognize  GIcNAc-PI,  or  the  lectin-lipid  interaction  did 
not  survive organic  solvent extraction  (data  not  shown). 
Furthermore, following related experiments  by Abeijon and 
Hirschberg  (1990),  we examined  GlcNAc-PI synthesis  in 
the presence of 5-bromo-2'-deoxyuridine 5'-monophosphate 
(5BrdUMP),  a  compound  known  to  block  the  carrier- 
mediated  transport  of UDP-GlcNAc into  the  ER lumen. 
Although  we were able to demonstrate the UDP-GlcNAc 
transport block in the presence of 5BrdUMP, preliminary 
experiments  suggested  that  5BrdUMP  also  inhibited  the 
GlcNAc transferase  itself and could not therefore be used to 
probe  the  sidedness  of  GlcNAc-PI  synthesis  (data  not 
shown). 
Further support for our finding that GlcN-PI is situated in 
the cytoplasmic leaflet of the ER comes from a consideration 
of the next step in GPI assembly.  In mammalian cells and 
yeast (Urakaze et al., 1992; Costello and Orlean, 1992), and 
possibly in trypanosomes (Menon et al., 1990), GlcN-PI is 
acylated on the inositol ring  before elaboration with man- 
nose and phosphoethanolamine.  Experiments with yeast and 
thymoma cell lysates indicate that the donor of the inositol- 
linked  fatty  acid is palmitoyl CoA (Costello and Orlean, 
1992; Stevens, V. L., unpublished data; see also Field et al., 
1991).  Since  palmitoyl-CoA does not normally permeate 
microsomal membranes (Polokoff and Bell,  1978), inositol 
acylation of GIcN-PI must occur on the cytoplasmic side of 
the ER, implying that GlcN-PI must be available in the cyto- 
plasmic leaflet. 
The presence of GIcNAc-PI and GlcN-PI in the cytoplas- 
mic leaflet of the ER suggests that the two lipids are synthe- 
sized from PI located in the cytoplasmic leaflet and UDP- 
GlcNAc present in the cytosol. The data further suggest that 
the protein-mediated UDP-GIcNAc transport into the ER lu- 
men (Perez and Hirschberg, 1985; Abeijon and Hirschberg, 
1992)  is unnecessary for GlcNAc-PI biosynthesis.  In this 
context, it is interesting  to note that three gene products are 
required in the synthesis of GIcNAc-PI since thymoma cell 
mutants belonging to three complementation groups (classes 
A,  C,  and  H;  Hyman,  1988)  are  unable  to  synthesize 
GlcNAc-PI  (Stevens  and  Raetz,  1991; Sugiyama  et  al., 
1991). Beyond the obvious requirement for at least one gene 
product, i.e., the GlcNAc transferase,  and the possibility that 
one or more of the genes may encode the UDP-GlcNAc 
transporter,  this observation has yet to be clarified.  Since the 
arguments  presented above suggest that UDP-GIcNAc trans- 
port is not required for GIcNAc-PI biosynthesis, defects in 
genes encoding the UDP-GlcNAc transporter are unlikely to 
explain  any of the three mutant phenotypes. 
There are many points of similarity  between the assembly 
of GPI anchors and the construction of the dolichol-linked 
oligosaccharide precursor of asparagine-linked  sugars. Both 
pathways  are  localized  to  the  ER,  and  both  involve  the 
sequential  addition  of components to a lipid  substrate.  An 
important  postulated  feature  of the dolichol-PP-oligosac- 
charide biosynthetic scheme is that glycosylation is initiated 
in the cytoplasmic leaflet of the ER and completed in the 
luminal  leaflet after transbilayer  movement of a  partially 
glycosylated intermediate  (dolichol-PP-GlcNAc~Mans)  (re- 
viewed by Lennarz,  1987; Hirschberg and  Snider,  1987; 
Abeijon and  Hirschberg,  1992).  A  similar  transport  step 
may have to be invoked in the GPI pathway, possibly after 
the synthesis  of GlcN-acyl PI.  Since dolichol-P-marmose- 
dependent glycosylation processes occur in the ER lumen 
(Hirschberg and Snider,  1987; Tanner and Lehle,  1987), it 
seems likely that  GlcN-acyl PI is mannosylated  (via doli- 
chol-P-mannose)  after transport across the ER membrane 
into the luminal leaflet. The data presented in this paper offer 
no insight into this possibility since the transverse  distribu- 
tion of GlcN-acyl PI cannot be probed by PI-PLC (nor by 
any of the other methods discussed). We are currently inves- 
tigating  the distribution  of ethanolamine-containing  man- 
nosylated intermediates  (Hirose et al., 1992; Kamitani et al., 
1992; Puoti and Conzelmann,  1992) in an effort to address 
this question. 
The implied transbilayer  movement of biosynthetic inter- 
mediates  in  the  assembly  of  GPIs  and  dolichol-linked 
oligosaccharides may occur through  the action of specific 
protein carriers in the ER membrane, similar  to the postu- 
lated  protein-mediated  flipping  of  glycerophospholipids 
from their site of synthesis in the cytoplasmic leaflet of the 
ER to the luminal leaflet (Bretscher,  1974; Bishop and Bell, 
1985; Backer and Dawidowicz,  1987; Devaux,  1992). Since 
transbilayer  movement of lipids is central to the process of 
creating  and  maintaining  the lipid  asymmetry of the ER 
membrane bilayer,  and since diverse lipid  classes seem to 
undergo this type of transport,  it would appear that the ER 
membrane contains a number of specific lipid ~lippases  S or 
that transport is nonspecific but physical constraints  such as 
charge and membrane curvature determine the precise com- 
positional asymmetry of the bilayer. Much more experimen- 
tal data needs to be considered before these options can be 
resolved. 
We thank Martin Low (Columbia University College of Physicians arid 
Surgeons, New York) for gifts of Bacillus thuringiensis  PI-PLC, Vicky 
Stevens (Ernory University, Atlanta, GA), and Ed Yeh (Massachusetts 
General Hospital, Boston, MA) for the BW5147.3 thymoma cell line, and 
David Bole (University of Michigan, Detroit, MU for anti-BiP antibodies. 
We would like to acknowledge helpful discussions with Claudia Abeijon, 
George Cross, Diego Gravotta, Bill Lennarz, Martin Low, Satyajit (Jim) 
Mayor, Miklts Mfiller, Chris Nicchitta, Simon Paul, Tor Regberg, Amelia 
Ribeiro de Jesus, Jeff Rush,  Martin Snider, Vicky Stevens,  Gerrit van 
Meer, Martin Wiedmarm,  and lnder Vijay. We thank Claudia Abeijon, 
Carlos Hirschberg, Martin Low,  Jim Mayor,  Chris Nicchitta, and Tor 
Regberg for comments on the manuscript, and G. Greene and I. Tomar for 
stimulation. 
This work was supported by National Institutes of Health grant AI28858 
and the Irma T. Hirschi Trust. 
Received for publication 30 December 1992 and in revised form 2 March 
1993. 
References 
Abeijon, C., and C. B. Hirachberg.  1990. Topography of initiation of N-gly- 
cosylation reactions. J.  Biol.  Chem.  265:14691-14695 
Abeijon, C., and C. B. Hirachberg.  1992. Topography of glycosylation reac- 
tions in the endoplasmic reticulum.  Trends Biochem.  Sci.  17:32-36. 
Ahnert-Hilger, G., W. Math, K. J. Fthr, and M. Gratzl.  1989. Potation by 
c~-toxin and Streptolysin O: an approach to analyze intracellular processes. 
Methods  Cell Biol.  31:63-90. 
Backer, J. M., and E. A. Dawidowicz. 1987. Reconstitution ofa phospholipid 
flippase from rat liver microsomes. Nature  (Lond.).  327:341-343. 
Bell, R. M., L. M. BaUas, and R. A. Coleman.  1981. Lipid topogenesis. J. 
Lipid Res.  22:391--403. 
Bhakdi, S., J. Tranurn-Jensen, and A. Sziegoleit. 1985. Mechanism of mem- 
brane damage by Streptolysin-O. Infect.  Immun.  47:52-60. 
Bishop, W. R., and R. M. Bell. 1985. Assembly of the endoplasmic reticulum 
phospholipid bilayer: the phesphatidylcholine transporter.  Cell. 42:51-60. 
Braell, W. A.  1988. Two sensitive, convenient, and widely applicable assays 
Vidugiriene and Menon Topology of GPI Anchor Assembly in the ER  995 for marker enzyme activities  specific to endoplasmic  reticulum.  Anal. Bio- 
chem.  170:328-334. 
Bretscher, M.  1974. Some general principles of membrane structure.  In The 
Cell Surface in Development. A. A. Moscona, editor. John Wiley & Sons, 
New York.  17-27. 
Cecchelli, R., R. Cacan, and A. Verbert. 1985. Accumulation of UDP-GicNAc 
into intracellular  vesicles and occurrence of a carrier-mediated transport: 
study With plasma-membrane-permeabilized  mouse thymocytes. Eur. J. Bio- 
chem.  153:111-116. 
Coates, S. W., T. Gurney, L. W. Sommers, M. Yeh, and C. B. Hirschberg. 
1980.  Subcellular  localization  of sugar  nucleotide  synthetases.  J.  Biol. 
Chem. 255:9225-9229. 
Conzelmann, A., H. Riezman, C. Desponds, and C. Bron. 1988. A major 125- 
kd membrane glycoprotein of Saccharomyces cerevisiae is attached to the 
lipid bilayer through an inositol-containing phospholipid.  EMBO (Eur. Mol. 
Biol.  Organ.)J.  7:2233-2240. 
Costello, L. C., and P. Orlean.  1992. Inositol acylation of a potential glycosyl 
phosphoinositol anchor precursor from yeast requires acyl coenzyme A. J. 
Biol.  Chem. 267:8599-8603. 
Cross, G. A. M.  1990. Glycolipid  anchoring  of plasma membrane proteins. 
Anna.  Rev.  Cell Biol.  6:1-39. 
Devanx, P. 1992. Protein involvement in transmembrane lipid asymmetry. 
A~u~Rev.  Biophys.  Biomol.  $truct. 21:417--439. 
Doering, T. L., W. L Masterson, P. T. Englund, and G. W. Hart.  1989. Bio- 
synthesis of the glycosyl phosphatidylinositoi  membrane anchor of the 
trypanosome variant  surface  glycoprotein:  origin of the non-acetylated 
glucosamine.  J.  Biol.  Chem. 264:11168-11173. 
Englund, P. T. 1993. The structure and biosynthesis of glycosyl phosphatidyl- 
inositol protein anchors. Annu.  Rev. Biochem.  In press. 
Faltynek, C. R., ]. E. Silbert,  and L. Hof. 1981. Inhibition  of the action of 
pyrophosphatase and phosphatase on sugar nucleotides.  J.  Biol.  Chem. 
256:7139-7141. 
Ferguson, M. A. J., and A. F. Williams.  1988. Cell-surface anchoring of pro- 
teins via  glycosyl-phosphatidylinositol  structures.  Annu.  Rev.  Biochem. 
57:285-320. 
Ferguson,  M. A. J.,  W. J.  Masterson,  S.  W. Homans, and  M.  J.  McConville. 
1992.  Evolutionary  aspects  of  GPI  metabolism  in  kinetoplastid  parasites.  In 
GPI Membrane Anchors. M. L. Cardoso de Almeida,  editor.  Academic 
Press,  New York. 140-154. 
Field,  M. C.,  and  A.  K.  Menon. 1992.  Glycolipid  anchoring  of  cellsurface  pro- 
reins. In Lipid Modifications of Proteins. M. J. Schlesinger, editor. CRC 
Press, Boca Raton,  FL, 83-134. 
Field,  M.  C.,  A.  K.  Menon,  and  G.  A.  M.  Cross.  1991. A  glycosyl- 
phosphatidylinositol  protein  anchor  from  procyclic  stage  Trypanosoma 
brucei: lipid structure and biosynthesis. EMBO (Eur. Mol. Biol. Organ.) J. 
10:273t-2739. 
Gravotta, D., M. Adesnik, and D. D. Sabatini.  1990. Transport of influenza 
HA from the trans-Golgi network to the apical surface of MDCK cells per- 
meabilized in their basolateral membranes: energy dependence and involve- 
ment of GTP-hinding  proteins. J.  Cell Biol. 111:2893-2908. 
Haselbeck, A., and W. Tanner. 1982. Dolichyl phosphate-mediated  mannosyl 
transfer  through  liposomal  membranes.  Proc.  Natl. Acad.  Sci.  USA. 
79:1520-1524. 
Henner, D. J., M. Yang, E. Chen, R. Helmiss, H. Rodriguez, and M. G, Low. 
1988. Sequence of the Bacillus thuringiensis  pbosphatidylinositol  specific 
phospholipase C. Nucleic Acids.Res.  16:10383. 
Higgins, J. A., and J. L. Hutson. 1986. Probes of the distribution of phospho- 
lipids in endoplasmic  reticulum membranes. Trends Biochem. Sci. 11:401. 
Higgins, J. A., B. W. Hitchin, arid M. G. Low. 1989. Phosphatidylinositul- 
specific phospholipase  C ofBacillua thuringiensis as a probe for the distribu- 
tion of phosphatidylinositol  in hepatocyte membranes. Biochem.  J.  259: 
913-916. 
Hirose, S., L. Ravi, S. V. Hazra,  and M. E. Medof.  1991. Assembly and 
deacetylation  of N-acetylglucosaminyl-plasmanylinositol  in  normal  and 
affected paroxysmal nocturnal hemoglobinuria  cells. Proc. Natl. Acad. Sci. 
USA. 88:3762-3766. 
Hirose, S., L. Ravi, G. M. Prince, M. G. Rosenfeld, R. Silber,  S. W. An- 
dresen, S.  V.  Hazra,  and M.  E.  Medof.  1992. Synthesis  of mannosyl- 
glucosaminylinositol  phospholipids in normal but not paroxysmal nocturnal 
hemoglobinuria fells. Proc.  Natl. Acad.  Sci. USA. 89:6025-6029. 
Hirose, S., G. M. Prince, D. Sevlever, L. Ravi, T. L. Rosenherry, E. Ueda, 
and M. E. Medof. 1992. Characterization  of  putative glycoinositoi phospho- 
lipid anchor precursors in mammalian cells: localization of phosphoethanol- 
amine. J.  Biol.  Chem. 267:16968-16974. 
Hirschberg, C. B., and M. D. Sdider. 1987. Topography  of glycosylation  in 
the rough endoplasmic reticulum and Golgi apparatus.  Ann. Rev. Biochem. 
56:63-87, 
Hutson, J. L., and J. A. Higgins.  1982. Asymmetric synthesis followed by 
transmembrane movement of phosphatidylethanolamine  in  rat  liver en- 
doplasmic reticulum.  Biochem.  Biophys. Acta.  687:247-256. 
Hyman, R. 1988. Somatic genetic analysis of  the expression  of  cell surface mol- 
ecules.  Trends C-enet. 4:5-8. 
Iyer, P. N. S., K. D. Wilkinson, and I. I. Goldstein.  1976. An N-acetyl-D- 
glucosamine binding lectin from Bandeiraea simplicifolia seeds. Arch. Bio- 
chem. Biophys.  177:330-333. 
Kamitani, T., A. K. Menon, Y. Hallaq, C. D. Warren, and E. T. H. Yeh. 1992. 
Complexity of ethanolamine  phosphate addition  in  the biosynthesis of 
glycosylphosphatidylinositul  anchors in mammalian  cells. J.  Biol. Chem. 
267:24611-24619. 
Kodukula, K., R. Amthaner, D. Cines, E. T. H. Yeh, L. Brink, L. J. Thomas, 
and S. Udenfriend. 1992. Biosynthesis of phosphatidylinositol-glycan  (PI- 
G)-anchored membrane proteins in cell free systems. PI-G is an obligatory 
cosubstratefor COOH-terminal  processing of nascent proteins. Proc. Natl. 
Acad.  Sci. USA. 89:4982-4985. 
Lennarz, W. J. 1987.. protein glycosylation in the endoplasmic reticolum:  cur- 
rent topological  issnes. Biochemistry.  26:7205-7210. 
Low, M. G. 1992. Phospholipases  that degrade the glycosyl-phosphatidylinosi- 
tol anchor of membrane proteins. In Lipid Modifications of Proteins. M. J. 
Schlesinger, editor. CRC Press, Boca Raton, FL.  117-154. 
Low, M. G., and P. W. Kincade. 1985. Phosphatidylinositol  is the membrane- 
anchoring domain of the Thy-l glycoprotein. Nature  (Lond.).  318:62-64 
(also errata on page 687). 
Low, M. G., M. A. J. Ferguson, A. H. Futerrnan,  andl. Silman.  1986. Cova- 
lently attached phosphatidylinositol  as a hydrophobic anchor for membrane 
proteins. Trends Biochem.  Sci. 11:212-215. 
Low, M. G., ]. Stiernberg, G. L. Waneck, R. A. Flavell, and P. W. Kincade. 
1988.  Cell-specific  heterogeneity  in  sensitivity  of phosphatidylinositol- 
anchored membrane antigens to release by phospholipase C. J.  Immnaol. 
Methods.  113:101-111. 
Menon, A. K., R. T. Schwarz, S. Mayor, and G. A. M. Cross. 1990. Cell-free 
synthesis of glycosyl-phosphatidylinositoi  precursors for  the  glycolipid 
membrane anchor of Trypanosoma brucei  variant surface glycoproteins: 
structural  characterization  of putative  biosynthetic  intermediates.  J.  Biol. 
Chem. 265:9033-9042. 
Perez, M., and C. B. Hirschberg. 1985. Translocation  of UDP-N-acetylgin- 
cosamine into vesicles derived from rat liver rough endoplasmic reticulum 
and Golgi apparatus.  J.  BioL Chem. 260:4671-4678. 
Polokoff, M. A., and R. M. Bell. 1978. Limited  pahnitoyl-CoA  penetration into 
microsomal vesicles as evidenced by a highly latent ethanol acyltransferase 
activity.  J.  Biol.  Chem. 253:7173-7178. 
Puoti,  A.,  and  A.  ConT.elmann.  1992.  Structural  characterization  of free 
glycolipids which are potential precursors for glycosylphosphatidylinositol 
anchors in mouse thymoma cell lines. J.  Biol. Chem. 267:22673-22680. 
Roberts, W. L., l. I. Myher, A. Kuksis,  M. G. Low, and T. L. Rosenberry. 
1988. Lipid analysis of the glycoinositol phospholipid membrane anchor of 
human erythrocyte acetylcholinesterase:  palmitoylation of inositol results in 
resistance to phosphatidylinositol-specific  phospholipase C. J. Biol. Chem. 
263:18766-18775. 
Snider, M. D., and P. W. Robbins. 1982. Transmembrane organization of pro- 
tein glycosylation:  mature oligosaccharide-lipid  is located  on the luminal 
side of microsomes from Chinese hamster ovary ceils. J.  Biol. Chem. 
257:6796-6801. 
Snider,  M.  D.,  and  O.  C.  Rogers.  1984.  Transmembrane  movement of 
oligosaccharide-lipids  during glycoprotein synthesis.  Cell. 36:753-761. 
Stevens, V. L., and C. R. H. Raetz.  1991. Defective glycosyl-phosphatidyl- 
inositol biosynthesis in extracts of three Thy-I negative lymphoma cell mu- 
tants.  J.  Biol.  Chem. 266:10039-10042. 
Storrie, B., and E. Madden. 1990. Isolation of subcellular organelles.  Methods 
Enzymol.  182:203-235. 
Sugiyama,  E., R. DeGasperi,  M. Urakaze, H.-M. Chang, L. J. Thomas, R. 
Hyman, C. D. Warren, and E. T. H. Yeh. 1991. Identification of defects 
in glycosylphosphatidylinositol  anchor biosynthesis in the Thy-1 expression 
mutants.  J.  Biol. Chem. 266:12119-12122. 
Tan, A., J. Bolscher, C. Feltkamp, and H. Ploegh. 1992. Retrograde transport 
from the Golgi region to the endoplasmic reticulum is sensitive to GTP?S. 
J.  Cell Biol. 116:1357-1367. 
Tanner, W., and L. Lehle. 1987. Protein glycosylation in yeast. Biochim. Bio- 
phys.  Acta.  906:81-99. 
Urakaz¢, M., T. Kamitani, R. DeGasperi,  E. Sugiyama, H.-M. Chang, C. D. 
Warren, and E. T. H. Yeh. 1992. Identification of  a missing link in glycosyl- 
phosphatidylinositol anc'nor biosynthesis  in mammalian cells. J. Biol. Chem. 
267:6459-6462. 
van  Meer,  G.  1986. The  lipid  bilayer of the  ER.  Trends Biochem. Sci. 
11:194-195. 
Voelker, D. R. 1991. Organelle biogenesis and intracellular  lipid transport in 
eukaryotes.  Microbiol.  Rev.  55:543-560. 
White, D. A.  1973. The phospholipid composition of mammalian tissues. In 
Form and Function of Phospholipids.  G. B. Ansell, J. N. Hawthorne, and 
R. M. C. Dawson, editors. Elsevier Scientific Publishing Company, Amster- 
dam. 441-482. 
The Journal  of Cell Biology,  Volume 121,  1993  996 